Members of the Thermococcales are anaerobic Archaea belonging to the kingdom Euryarchaea that are studied in many laboratories as model organisms for hyperthermophiles. We describe here a molecular analysis of 86 new Thermococcales isolates collected from six different chimneys of a single hydrothermal field located in the 13°N 104°W segment of the East Pacific ridge at a depth of 2,330 m. These isolates were sorted by randomly amplified polymorphic DNA (RAPD) fingerprinting into nine groups, and nine unique RAPD profiles were obtained. One RAPD group corresponds to new isolates of Thermococcus hydrothermalis, whereas all other groups and isolates with unique profiles are different from the 22 reference strains included in this study. Analysis of 16S rRNA gene sequences of representatives of each RAPD group and unique profiles showed that one group corresponds to Pyrococcus strains, whereas all the other isolates are Thermococcus strains. We estimated that our collection may contain at least 11 new species. These putative species, isolated from a single area of hydrothermal deep-sea vents, are dispersed in the 16S rRNA tree among the reference strains previously isolated from diverse hot environments (terrestrial, shallow water, hydrothermal vents) located around the world, suggesting that there is a high degree of dispersal of Thermococcales. About one-half of our isolates contain extrachromosomal elements that could be used to search for novel replication proteins and to develop genetic tools for hyperthermophiles.
Members of the Thermococcales are anaerobic Archaea belonging to the kingdom Euryarchaea that are studied in many laboratories as model organisms for hyperthermophiles. We describe here a molecular analysis of 86 new Thermococcales isolates collected from six different chimneys of a single hydrothermal field located in the 13°N 104°W segment of the East Pacific ridge at a depth of 2,330 m. These isolates were sorted by randomly amplified polymorphic DNA (RAPD) fingerprinting into nine groups, and nine unique RAPD profiles were obtained. One RAPD group corresponds to new isolates of Thermococcus hydrothermalis, whereas all other groups and isolates with unique profiles are different from the 22 reference strains included in this study. Analysis of 16S rRNA gene sequences of representatives of each RAPD group and unique profiles showed that one group corresponds to Pyrococcus strains, whereas all the other isolates are Thermococcus strains. We estimated that our collection may contain at least 11 new species. These putative species, isolated from a single area of hydrothermal deep-sea vents, are dispersed in the 16S rRNA tree among the reference strains previously isolated from diverse hot environments (terrestrial, shallow water, hydrothermal vents) located around the world, suggesting that there is a high degree of dispersal of Thermococcales. About one-half of our isolates contain extrachromosomal elements that could be used to search for novel replication proteins and to develop genetic tools for hyperthermophiles.
All hyperthermophiles that thrive at temperatures above 95°C belong to the domain Archaea (19, 45) . These extremophiles have been extensively studied during the last two decades for both academic and biotechnological reasons (16, 34, 40) . Many type species that belong to new genera, orders, and families in the kingdoms Crenarchaea and Euryarchaea have been described. Some of these organisms, members of the order Thermococcales (genera Thermococcus, Pyrococcus, and Palaeococcus) (15, 17, 47) , have been widely used as model organisms for biochemical or physiological studies (1) . Members of the Thermococcales are anaerobic heterotrophs that grow at temperatures between 70 and 105°C, depending on the species, and their optimal growth temperatures range from 80 to 100°C. The genomes of three Pyrococcus species (Pyrococcus horikoshii, Pyrococcus abyssi, and Pyrococcus furiosus) have been completely sequenced (9, 20, 30) , which allowed the first comparative studies of the genomes of several closely related species in the archaeal domain (22, 48) . Two plasmids from Pyrococcus species have been characterized (13, 42) . Plasmid pGT5 from P. abyssi strain GE5
T was used as a reporter extrachromosomal element to study DNA topology and DNA replication (7, 26) .
Many type species of Thermococcales were isolated from either shallow-water hydrothermal regions or deep-sea hydrothermal vents, and in one case an organism was isolated from a terrestrial hot spring; 19 species, including 15 Thermococcus species and 4 Pyrococcus species, are described in the latest edition of Bergey's Manual of Systematic Bacteriology (17) . In general, only one species or a small number of species have been found at each site. However, preliminary data have suggested that a high diversity of Thermococcales could be found at a single geographic location. In particular, one Pyrococcus strain and three Thermococcus strains were isolated from shallow-water hydrothermal locations on the island of Vulcano in Italy (reviewed in reference 17), and both Thermococcus and Pyrococcus strains were identified in a collection of 20 isolates obtained from hydrothermal vents located in two different regions of the Pacific Ocean floor (27) . The latter collection was used to screen for extrachromosomal elements (3) and to develop genetic tools. In particular, P. abyssi GE9, which lacks pGT5, has been used recently as a recipient for transformation by a vector based on this plasmid (25) .
We describe here a molecular analysis of 86 Thermococcales strains isolated from a single hydrothermal field located in the mid-Pacific Ocean ridge (13°N 104°W). This work was undertaken to gain more insight into the genetic diversity of the Thermococcales in a single location and to increase the number of extrachromosomal elements (plasmids and/or viruses) that can be used for future genetic work. These isolates were characterized by the randomly amplified polymorphic DNA (RAPD) method (44) and by 16S rRNA gene sequencing analyses. The RAPD method, as well as pulsed-field gel electrophoresis (21) and amplified fragment length polymorphism analysis (41) , are appropriate typing methods for exhaustive analysis of the molecular diversity within and between bacterial species. 16S rRNA gene sequencing allows workers to obtain useful information concerning the phylogenetic positions of unknown isolates. The combination of RAPD typing and 16S rRNA gene sequence analysis is therefore a method that allows workers to identify groups of closely related species and to place them in a more global phylogenetic context. This approach has been used previously to analyze the molecular diversity of bacterial isolates within species and between species of the same genus (4, 8) . Here, we used this approach for the first time to characterize thermophilic archaeal isolates. The results show that our collection contains a wide phylogenetic spectrum of Thermococcus and Pyrococcus strains, including many new putative Thermococcus species, which are dispersed among type strains in the 16S rRNA tree. About one-half of the isolates contain extrachromosomal elements whose sizes range from 2 to more than 25 kb. Our work indicates that a single hydrothermal field can contain a wide diversity of members of the Thermococcales and suggests that despite extensive investigation of this archaeal group, a great number of Thermococcus and Pyrococcus species remain to be described.
MATERIALS AND METHODS
Sampling and enrichment cultures. Rock fragments from chimney walls were collected from hydrothermal vent chimneys at a depth of 2,330 m during 18 different dives of the manned submersible Nautile (Ifremer) during the AMIS-TAD cruise in the 13°N 104°W segment of the East Pacific Ocean ridge. Thirtyfour samples were obtained from six different chimneys, including La Chainette PP57 (site 1), Pulsar PP55 (site 2), Totem PP13/1 (site 3), Grandbonum PP52 (site 4), genesis PP12 (site 5), and Elsa (HOT3) (site 6) ( Fig. 1) , by grinding rock fragments to a fine powder and suspending them in 5 ml of sterilized seawater in Hungate tubes closed with rubber stoppers. These samples were made anaerobic by flushing the tubes with N 2 , followed by addition of Na 2 S (0.1 mg/liter) and addition of resazurin (0.001%) as a redox indicator. Some enrichment cultures were prepared on the boat (Atalante [Ifremer]) by inoculating 500-l samples into Hungate tubes containing 5 ml of YPS medium (7) and incubating the tubes at 90°C for 12 to 48 h. Growth was detected by the presence of turbidity in 28 of the 34 cultures. Immediately after growth became visible, the enrichment cultures were first stored at 0°C (on the boat) and then kept at the ambient temperature (during transport from Mexico to Europe). Other enrichment cultures were grown in Martinsried, Germany, as described above, except that samples were made anaerobic by dropwise addition with a syringe of water saturated with H 2 S and that YPS medium was replaced by Zillig's broth (ZB). ZB was prepared by mixing 1 volume of solution A (trace elements) and 1 volume of solution B separately sterilized at 120°C. Solution A contained (per 500 ml) 25 Plating and isolation of strains. For preparation of plates, 8 g of Gelrite gellan gum (Sigma-Aldrich) was dissolved in 500 ml of solution B by heating in a microwave (the gelrite was not dissolved in complete ZB). After complete solubilization of the gelrite, 500 ml of preheated medium A was slowly added at the boiling temperature on a magnetic stirrer, and 20-ml portions of this medium were poured rapidly into petri dishes. After solidification at room temperature, the plates were subjected to reduction by placing them for 1 h into a stainless steel anaerobic jar under CO 2 (50 kPa)-H 2 S (5 kPa) as the gas phase. The CO 2 and H 2 S were eliminated by flushing the containers several times with N 2 , and the plates were removed from the containers in an anaerobic chamber (Coy Laboratory Products, Grass Lake, Mich.). For plating, 0.1-ml dilutions of the enrichment cultures were mixed with 1.5 ml of preheated ZB containing 0.2% gelrite and 0.1 ml of extensively washed colloidal sulfur (Riedel-de Haën; distributed by Sigma-Aldrich). This hot soft-layer-forming mixture was quickly homogenized by vortexing and immediately poured and evenly spread on plates that were preheated to 80°C. After cooling, the plates were placed upside down into airtight containers with a CO 2 (50 kPa)-H 2 (20 kPa) atmosphere and incubated for 48 h at 80°C (for more details, see references 25 and 46). Colonies were identified by inspection with a binocular microscope in the anaerobic chamber and by the formation of plaque-like halos of sulfur depletion in the opaquely whitish soft layer. The sulfur depletion was induced by colony growth, and a colony was located at the center of each halo. We used dilutions that gave well-separated halos on plates to be sure that each halo contained a single colony. Colonies were picked up with Eppendorf cones (0.1 ml) whose tips were cut, and they were suspended in 0.5 ml of reduced ZB in Eppendorf tubes. The inoculated medium was then transferred into 5-ml portions of reduced ZB in Hungate tubes and incubated for 24 to 48 h at 90°C with shaking in the presence of CO 2 (50 kPa) and H 2 (20 kPa). The isolates from Daniel Prieur's laboratory from the same cruise were obtained by enrichment at 85°C in Ravot's medium (29) . Colonies were picked directly on plates prepared without an overlay and were restreaked on plates three times.
DNA preparation and gel electrophoresis analysis. Total DNA was prepared from all isolates by a phenol extraction procedure by starting with 5 to 50 ml of a culture in the stationary phase. The cultures were centrifuged, and the pellets were dissolved in 250 l of TEN (0.01 M Tris-HCl, 0.15 M NaCl, 0.001 M EDTA); this was followed by slow addition of 250 l of TEN with 1.6% sodium dodecyl sulfate and 0.12% Triton X-100. In some cases, samples were treated successively with RNase (50 g/ml) and proteinase K (500 g/ml). After incubation for 20 min at room temperature, the DNA was extracted three times with 1 volume of a solution containing phenol-chloroform (50/50) and isoamyl alcohol (24/1), precipitated with 2 volumes of 100% ethanol or 0.8 volume of isopropanol, and washed with 70% ethanol. After drying, the pellets were dissolved in 20 l of TE buffer (0.01 M Tris-HCl, 0.001 M EDTA) (pH 7.5). DNA samples were subjected to 1% agarose gel electrophoresis in Tris-borate-EDTA buffer to detect the presence of plasmids and to verify the quality and quantity of DNA for RAPD analysis. For whole-genome restriction analysis, 5 g of total DNA was cut with 5 U of EcoRI, and the products were separated on a horizontal 0.7% agarose gel in Tris-borate-EDTA buffer for 16 h at 1 V cm Ϫ1 . Covalently closed circular DNA were extracted by alkaline lysis (32) with the length of the lysis step reduced to 45 s. The relative sizes were roughly determined by using a ladder of supercoiled plasmids (Promega G6231 supercoiled DNA ladder; 2 to 10 kb) as a marker. The gels were electrophoresed in the presence of ethidium bromide (0.1 g/ml) to positively supercoil plasmids from hyperthermophiles which are normally relaxed or slightly positively supercoiled (7) . In this condition, isolated plasmids and marker plasmids can be accurately compared since they have similar superhelical densities. RAPD conditions, 16S rRNA genes, and 16S-23S rRNA intergenic spacer region (ISR) sequencing. RAPD fingerprinting conditions that allowed reliable analyses of the data were used as previously described (4, 8, 36) with an annealing temperature of 42°C (28) . The conditions used to analyze the diversity of Lactococcus, Leuconostoc, Lactobacillus, and Propionibacterium strains were also suitable and reproducible for Thermococcales isolates. RAPD profiles were determined by using four primers, primers P1 (5Ј-CGG CCT GGA C-3Ј), P2 (5Ј-GGG GCC CTA C-3Ј), P3 (5Ј-CGC CCT GCC C-3Ј), and P4 (5Ј-GGC GGC GCG G-3Ј), in separate reactions. The resulting patterns were compared by using the Pearson similarity coefficient and the unweighted pair group method using arithmetic averages included in the GelCompar program (Applied-Maths, Sint Martens-Latem, Belgium). When our RAPD conditions were used, the Pearson similarity coefficient was more than 80% for two profiles of the same strain obtained independently. We decided to propose RAPD groups when the Pearson similarity coefficient for profiles of a group was more than 55%.
The 16S rRNA gene was amplified and sequenced as previously described (8) primers, 16S-P1 (5Ј-CGG TTG ATC CTG CCG GA-3Ј; Escherichia coli 16S rRNA gene positions 10 to 28, forward) (5a) and 23S-P1 (5Ј-CTT TCG GTC GCC CCT ACT-3Ј; E. coli 23S rRNA gene positions 241 to 258, reverse) (6). The PCR fragment was purified to eliminate salts and excess primers by using a Wizard purification kit (Promega, Charbonnière-les-Bains, France). Three 500-to 600-bp partial and overlapping sequences were obtained by using the purified PCR fragment as the template and the following sequencing primers: 16S-SP1 (5Ј-GCT TTA GGC CCA ATA ATA G-3Ј; E. coli positions 558 to 576, reverse), 16S-SP2 (5Ј-GTG GGT CTC GCT CGT T-3Ј; E. coli positions 1101 to 1116, reverse), and 16S-SP3 (5Ј-ATA GGA GGT GAT CGA GC-3Ј; E. coli positions 1526 to 1542, reverse). Sequences were assembled by using the GCG Wisconsin software package (10) . New sequences were compared with the sequences of closely related species of Thermococcales listed in the GenBank database (http://www.ncbi.nlm.nih.gov) by using the GeneBase program (Applied-Maths). This program was used to (i) align the sequences, (ii) calculate phylogenetic distances, (iii) construct distance matrix trees by the neighbor-joining method (31) , and (iv) perform a bootstrap analysis (14) with 1,000 data sets. The alignment of 51 16S rRNA gene sequences of members of the Thermococcales was corrected manually before construction of trees. Phylogenetic distances were calculated based on alignment of 1,225 nucleotides of the 16S rRNA gene sequences (E. coli 16S rRNA gene positions 115 to 1365). The 16S-23S ISR was amplified by using the 16S rRNA gene-ISR PCR product as the template and primers 16S-P2 (5Ј-TAC GGT TGG ATC ACC TC-3Ј; E. coli 16S rRNA gene positions 1522 to 1538, forward) and 23S-P1. PCR amplification was carried out in a 100-l mixture containing 20 to 100 ng of DNA, 1.5 mM MgCl 2 , each primer at a concentration of 600 nM, 200 M dATP, 200 M dCTP, 200 M dGTP, 200 M dTTP (Roche Diagnostics, Meylan, France), and 2.5 U of Taq DNA polymerase (Q.BIOgene, Illkirch, France) in 10 mM Tris-HCl (pH 9.0). A Perkin-Elmer 2400 thermal cycler was used for 30 cycles of amplification (96°C for 10 s, 50°C for 30 s, and 72°C for 30 s) after a DNA-denaturing step consisting of 96°C for 4 min. Sequencing of the ISR amplified fragment used as the template was carried out by using primer 23S-SP1 (5Ј-GCT TTT GCT TTC TTT TCC T-3Ј; E. coli positions 213 to 231, reverse). The sequences were compared by using the GeneBase program. Phylogenetic distances were calculated based on alignment of 189 nucleotides of the 16S-23S ISR sequences.
Nucleotide sequence accession numbers. The GenBank accession numbers of the 16S rRNA gene and 16S-23S rRNA ISR sequences of the new members of the Thermococcales are shown in Table 1 .
RESULTS

Isolation of heterotrophic anaerobic hyperthermophiles.
Samples of rocks were collected by the submersible Nautile (46) .
Analysis of the EcoRI restriction patterns of our isolates suggested that many of them harbor putative extrachromosomal genetic elements, as inferred by the presence of bands above the restriction fragment ladder (46) . Additional extrachromosomal genetic elements were detected when unrestricted DNA samples from all isolates were directly analyzed by electrophoresis. Several putative extrachromosomal elements detected by these methods were purified by alkaline lysis from the corresponding isolates and were found to be covalently closed circular DNA. These elements had a wide range of sizes (2 kb to more than 25 kb). Some isolates appeared to contain two or three distinct elements (with different topological forms in each case). One isolate (30-1) contained two plasmids that were induced in the stationary phase (to be described elsewhere). Combining all these data allowed us to identify at least 44 plasmids, including 8 large plasmids (Ͼ15 kb), indicating that more than one-half of our isolates harbor extrachromosomal elements (Table 2) .
RAPD grouping of the isolates. To characterize our isolates at the molecular level, DNA from the 70 isolates were first subjected to RAPD fingerprinting (44) . This method detects DNA polymorphism from amplification of random DNA segments by using primers with arbitrary nucleotide sequences. In our experiments, we used four primers in separate reactions. We also analyzed under the same conditions the RAPD profiles of 16 isolates obtained in the laboratory of Daniel Prieur (Plouzané, France) by an independent isolation procedure; these isolates were from the same cruise and location (Table  2) . To simplify the presentation of the RAPD results, we selected one representative when several isolates picked from the same petri dish had very similar RAPD profiles, which reduced the number of profiles from 86 to 45 (RAPD profiles were considered similar when the Pearson coefficient was higher than 80%; this value was determined on the basis of our reproducibility tests [see Materials and Methods]). Figure 2 shows a comparison of the 45 selected RAPD profiles, together with the profiles of 22 Thermococcales reference strains (18 Thermococcus strains and 4 Pyrococcus strains). The RAPD profiles of reference strains were unique, including those of the two P. abyssi strains. Nine of the new isolates had unique RAPD profiles, whereas 36 isolates had RAPD profiles that were separated into nine groups (groups G1 to G9) (Pearson coefficients, Ͼ55%). We observed no correlation between the grouping of our isolates based on RAPD profiles and the morphology of the colonies. In some cases, isolates picked from the same plate with very similar RAPD profiles exhibited very different morphologies, whereas isolates with very similar atypical colonies (e.g., gelrite eater) belonged to different RAPD groups. The absence of a correlation between colony morphology and grouping of the isolates indicates that colony morphology cannot be used to group members of the Thermococcales. The RAPD profiles of the isolates were significantly different from those of the 22 reference strains, except for the profiles of Brest isolates 10, 12, and 13 (group G8), which were very similar to the profile of Thermococcus hydrothermalis (Pearson coefficient, Ͼ70%), and for the group G1 profiles, which shared bands with the profile of Thermococcus chitonophagus.
Isolates belonging to several RAPD groups were found in each chimney (and up to five of the nine RAPD groups were found in a single chimney), showing that diversity can be detected in a unique location (Table 3) . However, the distribution of the groups was different from one chimney to another, and only members of group G7 and one isolate with a unique profile were obtained from the Totem PP13/1 chimney (site 3). This indicates that sampling from multiple chimneys was an important factor for increasing the recovery of biodiversity (Table 3 ). Several isolates with very similar profiles (Pearson coefficients, Ͼ80%) were picked from different chimneys (e.g., isolates 23-1 and 24-1, isolates 5-1 and 27-1, and isolates 12 and 13), indicating that the divergence between these closely related isolates predated the formation of the chimneys. Some RAPD groups may have even diverged before the formation of the hydrothermal field studied, since one group contained the species T. hydrothermalis, which has been isolated from another location (20°N instead of 13°N) .
Molecular identification of isolates based on their 16S rRNA gene sequences. Twenty-one isolates representative of the molecular diversity observed by RAPD analysis were selected for 16S rRNA gene sequencing (Fig. 2) (at least one isolate for each RAPD group and all isolates with unique profiles were used). The high quality of the sequences obtained by using 16S PCR fragments as templates confirmed that the strain isolation procedure used allowed us to obtain sufficient culture purity. These 16S rRNA gene sequences were compared to those of reference strains whose sequences were available in the GenBank database. To confirm that the 22 reference strains that we used for the RAPD typing were the correct strains, we sequenced their 16S rRNA genes in our laboratory. All sequences obtained were indeed identical to those obtained from the GenBank database for the same strains. In several cases, our sequences allowed us to resolve uncertainties in the previously published sequences (the presence of unknown nucleotides) and/or to increase the length of the sequence. Therefore, all our new sequences have been deposited in the GenBank database (accession numbers are shown in Table 1 ).
As shown in the distance-based dendrogram in Fig. 3 , all our isolates were clearly members of the Thermococcales, as expected from our enrichment procedure. The genera Pyrococcus and Thermococcus are clearly separated on the dendrogram, and all our isolates belong to one of these genera (i.e., we did not obtain isolates that branched between the genera). The six isolates in group G1 (represented by strain 32-4) belong to the genus Pyrococcus, while all the other isolates belong to the genus Thermococcus. The diversity in colony morphology and the diversity in plasmid distribution were similar in the genera Thermococcus and Pyrococcus. Pyrococcus isolates (one group) were present in three of the six chimneys, whereas Thermococcus isolates were present in all of the chimneys. In four cases, Thermococcus and Pyrococcus isolates were obtained from a single plate.
The members of groups G2, G3, and G4, which were clustered by their RAPD profiles, had very similar 16S rRNA gene sequences. They formed a large cluster that included group G5 and several isolates with unique RAPD profiles but no type strain. Other groups and isolates with unique RAPD profiles were also clearly separated from type strains, with the two exceptions detected by RAPD analysis. The 16S rRNA analysis confirmed that isolates 10 and 12 (group G8) can be assigned to T. hydrothermalis and isolate 32-4 (group G1) can be assigned to T. chitonophagus.
Based on the 16S rRNA dendrogram, T. chitonophagus DSM10152
T (18) is clearly misclassified at the genus level and should be renamed Pyrococcus chitonophagus.
We also amplified by PCR and sequenced the 16S-23S rRNA ISR of all 21 representative isolates and of the 22 reference species in an attempt to gain better insight into the phylogenetic relationships among members of our collection. However, the 16S-23S rRNA ISR also turned out to be highly 21-2, 23-1, 24-1, 24-4, 27-3, 33-1, 33-2, 33-3, 33-4,  34-1, 34-2, 34-3, 34-4  G3 ............................9-3, 23-5, 29-1, 29-2, 29-3, 30-1, 17j, 17Q, 17N,  AM17CHA, AM17CHG  G4 ............................23-2, 29-4  G5 ............................13-1, 13-2, 13-3, 13-4  G6 ............................15-1, 15-2, 15-3, 15-4, 28-1, 28-2, 28-3, 28-4  G7 ............................5-1, 5-2, 5-3, 5-4, 9-1, 9-2, 9-4, 23-3, 23-4, 24-2 ; in strain 31-3 in group G9; and in strain 21-1. The 16S rRNA gene sequences were determined for strain 32-4 in group G1; for strain 23-1 in group G2; for strains 29-1 and 30-1 in group G3; for strain 23-2 in group G4; for strains 13-2 and 13-3 in group G5; for strain 28-1 in group G6; for strain 5-1 in group G7; for strains 10 and 12 in group G8; for strain 31- conserved in the Thermococcales (the levels of identity were between 80 and 100%). Nevertheless, a dendrogram based on the 16S-23S rRNA ISR sequence comparison confirmed the delimitation between the Pyrococcus and Thermococcus strains observed when the 16S rRNA gene sequences were used (data not shown). This analysis also confirmed the clustering of groups G2, G3, G4, and G5, the assignment of strain DSM10152 T (T. chitonophagus) to the genus Pyrococcus, the close relationship of group G1 to P. chitonophagus and Pyrococcus glycovorans, and the identity of isolate 10 and 12 sequences with the sequence of T. hydrothermalis.
DISCUSSION
In the last 10 years, molecular studies of environmental samples performed by using PCR amplification of 16S rRNA genes have shown that cultivable species account for only a minority of the biosphere in all environments analyzed. In particular, recent studies have shown the great 16S rRNA gene diversity of archaeal organisms in deep oceanic regions (24, 37, 38, 39) . In contrast, there was no previous study to estimate the biodiversity of cultivable hyperthermophiles belonging to a particular order in a given environment. We focused on the Thermococcales by analyzing many isolates obtained by plating at a high temperature on solid medium. We chose members of the Thermococcales since they are the best-studied hyperthermophilic anaerobes and a large number of species have been already described in both the genus Thermococcus and the genus Pyrococcus.
In this work, we characterized by molecular techniques (RAPD fingerprinting and rRNA analyses) 86 Thermococcales isolates obtained from six different chimneys located in the same area of the East Pacific Ocean ridge. The molecular diversity of these isolates was determined first by using the RAPD typing method. Typing methods are now widely used to study the molecular diversity of bacteria (35) . In particular, this technique was used previously to evaluate the redundancy and to detect rare representatives in a collection of bacterial isolates with low or high GϩC contents (4, 5, 8, 28, 36) . We showed here that this method can also be used to study the diversity of hyperthermophilic archaea since a unique protocol was applied to archaea whose GϩC contents ranged from 37 mol% (Thermococcus barophilus) to 60 mol% (Thermococcus barossii).
We were able to define nine RAPD groups and nine unique RAPD isolates. There was no correlation between this grouping and colony morphology or sampling site. The ability to recover known species from the environment by RAPD typing is exemplified by the fact that three isolates (isolates 10, 12, and 13 in RAPD group G8) had RAPD profiles that were very similar to the profile of the type strain of T. hydrothermalis. The 83 other isolates had RAPD profiles different from those of the 22 reference strains, although group G1 can be clearly affiliated with T. chitonophagus (Fig. 2) . The analysis of the 16S rRNA gene sequences allowed us to classify unambiguously our new isolates in the genus Pyrococcus or the genus Thermococcus (Fig. 3) and confirmed the grouping suggested by the RAPD analysis. In addition, the 16S rRNA tree showed that the type strain of T. chitonophagus should be reclassified as P. chitonophagus. These results were confirmed by a comparative analysis of the 16S-23S rRNA spacer region sequences. The data from the two dendrograms should help us to perform quantitative DNA-DNA hybridization experiments required to characterize the molecular taxonomic positions of new isolates (33) .
How many new species are present among our isolates? New species can be predicted with confidence only when they exhibit levels of 16S rRNA gene sequence similarity of less than 97% with other species (33) . However, the divergence between 16S rRNA gene sequences of previously described type strains of Thermococcales species was often much less than 3% (Fig.  3 ). In such a case, DNA-DNA hybridization experiments are required to rigorously describe new species. However, since different Thermococcales species could have identical 16S rRNA gene sequences (e.g., Thermococcus kodakaraensis and Thermococcus peptonophilus), one can tentatively conclude that strains which do not have identical 16S rRNA gene sequences belong to different species. If this criterion is used, our collection contains at least 11 new species on the basis of 16S rRNA gene sequences and RAPD profile comparisons (Table  4 and Fig. 3 ). Since about 20 different Thermococcales species have been described, this means that we were able to increase the biodiversity of this taxon by about 50% by using a rather limited number of enrichment cultures obtained with samples collected at a single hydrothermal field. This result was somewhat surprising since, using a similar enrichment and isolation procedure to isolate Sulfolobales strains from terrestrial hot springs, two groups of workers reported that all of the isolates which they obtained belonged to either a single species, Sulfolobus islandicus (43) , or two species, S. islandicus and Sulfolobus solfataricus (46) ; the reason for this difference is unclear and merits further investigation. However, our results are in agreement with the previous finding of three different Thermococcus species-Thermococcus celer, Thermococcus alcaliphilus, and Thermococcus litoralis-in shallow-water hot springs on the island of Vulcano (17) . In any case, our collection could be a good starting point for further studies on the biogeography of marine hyperthermophiles.
Several authors have described great genetic diversity of closely related bacterial isolates (usually belonging to a single species) in various environments (2, 4, 5, 8, 12) . Our results indicate that such diversity also exists in deep-sea hydrothermal vents (i.e., in an environment with strong selection pressure). The diversity in our collection is especially striking for the genus Thermococcus. Interestingly, the Thermococcus isolates in our collection are as dispersed in the Thermococcus tree as the type strains themselves are. This suggests that the diversity of Thermococcus species detected by culturing many isolates from a single hydrothermal vent is similar to the diversity previously observed by culturing single isolates or a few isolates from various terrestrial, marine, and submarine hot springs located all around the world (Atlantic Ocean, Pacific Ocean, Mediterranean Sea, New Zealand hot springs). The diversity of cultivable organisms in one genus is thus greatly underestimated when only type species are considered. A more exhaustive search for new isolates could have increased even more the present biodiversity of the Thermococcales, possibly confusing the border between currently recognized species. In contrast, the absence of intermediates between Pyrococcus and Thermococcus species in our collection raises the question of which specific feature(s) is responsible for the clear-cut distinction at the genus level.
At the beginning of this work, we were especially interested in isolating new members of the Thermococcales containing extrachromosomal elements. Extrachromosomal elements are indeed widespread in our isolates, confirming and extending previous work by Benbouzid-Rollet et al. (3) . This collection of Thermococcales isolates could also be useful for extending preliminary studies on gene transfer and the mobility of genetic elements in the Thermococcales (11, 22, 48) , developing genetic tools for hyperthermophiles, and searching for novel replication proteins (23) . 
